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Abstract. A field project was conducted to observe and measure smoke plumes from wildland fires in Alberta. This study used
hand-held inclinometer measurements and photos taken at lookout towers in the province. Observations of 222 plumes were
collected from 21 lookout towers over a 6-year period from 2010 to 2015. Observers reported the equilibrium and maximum
plume heights based on the plume’s final levelling height and the maximum lofting height, respectively.

Observations were tabulated at the end of each year and matched to reported fires. Fire sizes at assessment times and forest
fuel types were reported by the province. Fire weather conditions were obtained from the Canadian Wildland Fire Information
System (CWFIS). Assessed fire sizes were adjusted to the appropriate size at plume observation time using elliptical fire-growth
projections.

Though a logical method to collect plume observations in principle, many unanticipated issues were uncovered as the project
developed. Instrument limitations and environmental conditions presented challenges to the investigators whereas human error
and the subjectivity of observations affected data quality. Despite these problems, the data set showed that responses to fire
behaviour conditions were consistent with the physical processes leading to plume rise.

The Alberta Smoke Plume Observation Study data can be found on the BlueSky Canada data page (http://firesmoke.ca/data/)

and the Canadian Wildland Fire Information System datamart (http://cwfis.cfs.nrcan.gc.ca/datamart).

Copyright statement.

1 Introduction

Some of the most severe air quality events in Canada are due to smoke from forest fires. Each year dozens of communities are
evacuated due to smoke and health concerns, each evacuation disrupting the lives and livelihoods of residents, their families, and
their communities. Large-scale smoke events can blanket major population centers affecting hundreds of thousands of people,
of whom approximately one-third are susceptible (Stieb et al., submitted). Recent examples of significant smoke events that

triggered provincial health advisories include:

— May 2001, when a plume from the Chisholm fire inundated Edmonton, causing particulate matter readings to reach a

concentration of approximately 260 g m~3, compared to a daily average near 12 ug m=3;



10

15

20

25

30

Earth Syst. Sci. Data Discuss., https://doi.org/10.5194/essd-2017-97
Manuscript under review for journal Earth Syst. Sci. Data
Discussion started: 9 October 2017

(© Author(s) 2017. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIq

— 13 July 2012, when Alberta Health Services issued a precautionary health advisory regarding air quality in Edmonton
due to fires from the BC interior. Later that summer, on 24 September, Alberta Health Services issued a smoke advisory

for the Edmonton area due to fires in northern Alberta;

— June to August 2014, which was reputed to be the worst forest fire season the Northwest Territories had experienced
for at least two decades. The smoke generated by the fires was blown into the Prairie provinces and created a moderate
health risk, leading Environment Canada to declare an air quality advisory for southern Saskatchewan and Manitoba on
9 July;

— 5 July 2015, when Metro Vancouver issued an air quality advisory for smoke from fires on British Columbia’s Sunshine
Coast, 50 km northwest of the city. This smoke enveloped greater Vancouver, the lower mainland Fraser Valley, and

Vancouver Island;

— July 2015, when Saskatchewan fires and smoke resulted in the evacuation of over 13,000 people in the La Ronge region

and prompted health officials in Saskatchewan and neighbouring Manitoba to issue health advisories due to smoke;

— August and September 2015, when smoke from the Okanogan Complex fire in Washington State extended through much
of the BC interior, affecting cities such as Penticton and Kelowna. On 26 August, Alberta Health Services issued air

quality advisories for areas from the U.S. border north to the Edmonton region because of smoke from these wildfires.

One of the more difficult challenges in forecasting smoke transport is predicting the height to which a plume will rise.
Drastically different trajectories can result if a plume breaks through into the free atmosphere compared to a plume that is
confined within the mixing layer. Predicting the possible penetration (or injection) heights of smoke plumes from wildland
forest fires is largely an unresolved problem (Heilman et al., 2014; Goodrick et al., 2013; Larkin et al., 2012). Until now, most
approaches have followed those of air pollution plumes generated from tall industrial chimneys (Briggs, 1965). This is despite
the fact that a chimney plume acting as a low heat-flux point source is a poor analog to a wildland fire acting as a high heat-flux
source covering a broad area.

A field project was conducted to observe and measure the smoke plumes from wildland fires in Alberta. This study used
hand-held inclinometer measurements and photos taken at several lookout towers in the province. The purpose of this study
was to create an extensive data set composed of ground-based observations of smoke columns and related fire information
that would allow modellers a chance to validate their models, thus helping to develop reliable techniques for plume height

prediction.

2 Methodology

The Alberta smoke plume study included 222 plume observations collected over a 6-year period from 2010 to 2015 (20, 10,
26, 29, 63, and 74 observations per year chronologically), involving 21 fire observation lookout towers (Table 1). Observations

were tabulated at the end of each year and matched to reported fires. Fire sizes at assessment times and forest fuel types
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were recorded by the province. Fire weather conditions were obtained from the Canadian Wildland Fire Information System
(CWFIS). Finally, assessed fire sizes at reported times were adjusted to sizes at plume observation times using elliptical fire-

growth projections.
2.1 Plume Height Observations

The wildfire branch of Alberta Agriculture and Forestry runs a network of about 127 lookouts (many of which are towers) for
the detection of wildland fires. Observers at these towers monitor the forest and are well trained in recognizing plumes from
wildland fires, reporting the azimuth for fire detection purposes.

During the 6-year study, these observers were asked to take measurements using a hand-held Suunto PM-5 inclinometer.
The inclinometer used is a simple device, providing measurements in degrees above or below a level hand-held position. The
device has a manufacturer specification of +0.25° accuracy with 0.5° gradation intervals. Based on this, one would expect a
+4.36 m accuracy in measurements of plume heights at 1 km distance, £43.6 m accuracy at 10 km distance, and £436 m
accuracy at 100 km distance (double that if the 0.5° gradation is used for the accuracy). While inexpensive and easy to use,
there are potential sources of error involving its use, such as holding the device steady and level, or reporting percent grade
instead of degrees (the device’s dual display shows both degrees inclination on the left and percent grade on the right leading
to potential reporting error).

Figure 1 illustrates the technique used to measure the smoke plume height based on the measured inclinometer angle. Taking

the curvature of the Earth into account, the equation for the smoke plume height, Az, is

Az = (Re + zr)[cos¢ + tan(¢ + @) sing] — R — 2z (1)
where the horizon angle ¢ is

¢=D/(Re+2r) 2

and D is the distance from the tower to the fire, R, is the radius of the Earth (6,371 km), z7 is the tower elevation, z; is the
fire elevation, and ¢ is the angle from the horizontal to the top of the plume as measured by the inclinometer.

Observers were asked to report equilibrium and maximum plume heights based on the plume’s final levelling height and the
maximum lofting height, respectively (Figure 2). Due to buoyancy, a smoke plume will rise through the atmosphere until it
reaches a point of equilibrium with the environment. As it rises, the plume builds vertical velocity and thus will overshoot the
equilibrium level, only to fall to the equilibrium level afterwards.

In addition to the inclinometer measurements, the observers were asked to photograph the plume with and without the zoom

feature. This gave the authors a rudimentary ability to assess the quality of the observations.
2.2 Fire Assessment Reports

As fires are detected and actioned by fire-fighting resources, the province collects assessment data on the fire. Information

includes the fire name and location, time and date of detection, the assessed size at the time when fire-fighting resources arrive,
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size and date at times of containment and of extinguishment, as well as several intermediate points. Additional information
such as cause, fire characteristics and the fuel type are collected by teams at the fire location. These reports are tabulated
annually at the Alberta Provincial Forest Fire Centre.

For this study, plumes were matched with fire reports based on the time, date and azimuth from the lookout tower. Distances

to the fires and ground elevation above sea level at the fire locations were then determined.
2.3 Fire Weather Conditions

Fire weather conditions were obtained from the Canadian Wildland Fire Information System (CWFIS) (Lee et al., 2003).
Started in 1995, the CWFIS is a fire information system that monitors fire danger conditions across Canada. Daily noon
weather conditions are collected from over 2,500 federal and provincial weather stations, which are used to calculate daily
Canadian Forest Fire Weather Index (FWI) System indices across Canada (Van Wagner, 1987). These indices are then used
to produce gridded fire weather and fire behaviour maps based on the Canadian Forest Fire Danger Rating System (CFFDRS)
(Stocks et al., 1989). The CWFIS also collects and maps satellite-detected hotspots to monitor fire activity, models daily fire
growth, maps reported fire locations, provides national situation reports, and hosts a data warehouse of historical fire perimeters
for all of Canada. The CWFIS can be accessed at http://cwfis.cfs.nrcan.gc.ca/ during the fire season.

Weather conditions at each plume location were interpolated from the gridded CWFIS maps using an inverse distance
weighting scheme. These included noon values of the temperature, relative humidity, wind speed and direction, and precipita-
tion over the past 24 hours. Fire weather indices tracked by the CWFIS were similarly interpolated. These included the Fine
Fuel Moisture Code (FFMC), Duff Moisture Code (DMC), Drought Code (DC), Initial Spread Index (ISI), Build-up Index
(BUI), Fire Weather Index (FWI) and Daily Severity Rating (DSR) (Van Wagner, 1987).

2.4 Forest Fuel Type

A forest fuel type, required to predict potential fire behaviour in the CFFDRS, was selected for each plume based on priority
approach. In Canada, the forest protection agencies of the provinces, territories, and national parks are responsible for fire
management and fuel-type mapping. Fuels are mapped from various sources, typically forest inventory, Landsat imagery, or a
combination of the two. A fuels map used in this study was provided by Alberta Agriculture and Foresry at a 100 m resolution.
The CWFIS also manages a national fuel-type map, which is based on satellite image-based land cover classification of Canada
(Pouliot et al., 2011), ecozones and ecoregions of Canada (Ecological Stratification Working Group (Canada) et al., 1996), the
National Fire Database and National Burn Area Composite, provincial forest inventories and ecological stratification maps
where publicly available to identify additional vegetation types, and Canada’s Forest Inventory (Power and Gillis, 2006). In
terms of priority, the first choice of fuel type was based on what was recorded in the provincial fire assessment reports. In some
cases, this information was missing or deemed inappropriate for this study (e.g., a grass fire), in which case the provincial fuel

map was used. If this information was missing (e.g., outside the province) or inappropriate, the CWFIS map was used.
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2.5 Fire Behaviour Characteristics

Fire behaviour conditions presented in the study were calculated using the Canadian Fire Behaviour Prediction (FBP) System
(Forestry Canada Fire Danger Group, 1992) of the CFFDRS, based on the interaction of fire weather and fuel type. System
values examined in this study included the rate of spread (ROS, m min—!), the crown fraction burned (CFB, %), head fire
intensity (HFI, kW m~!), and the surface and total fuel consumptions (SFC,TFC, kg m~2). In most cases, C2 boreal spruce
was used as the FBP fuel type.

Values for the area burned at the time of plume observations were derived from fire sizes at the time of assessment from
the fire assessment reports. Fires typically follow a diurnal growth cycle peaking in the late afternoon and subsiding overnight,
hence the fires in this study were assumed not to grow between 20:00 and 6:00 MDT of the next day; sizes could then be
used for adjacent dates if required or deemed appropriate (e.g., a fire size reported late in the evening could be used as the fire
size for a plume observation early the next day). For large, multi-day fires, sizes were based on fire mapping techniques using
infrared satellite imagery from polar orbiting satellites with the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor (Englefield et al., 2004; Anderson et al., 2009). Finally, fire size was then adjusted from the assessed time to the
plume observation time using elliptical fire growth (Forestry Canada Fire Danger Group, 1992). The equations were applied
in reverse to derive a time of ignition (or set to 6:00 MDT for larger, multi-day fires), then recalculated forward in time to the
plume observation time.

Based on the daily area growth and fuel consumption, the energy of the fire was calculated as

Q= HwA 3)

where Q is the energy released by the fire (joules), H is the heat of combustion of wood (1.8 x 107 joules kg—1), w is the
weight consumed (kg m~2) and A is the area burned (m?). This is a variation of Byram’s fire line intensity equation (Byram,
1959), with rate of spread being replaced by area burned to provide the energy released.

It is important to note that not all of a fire’s energy enters the buoyant plume. Large amounts of energy are spent propagating
the fire forward (heating the fuel ahead of the fire and evaporating moisture), as well as being injected into the ground (released

into the atmosphere but at a time much later than the primary plume development).
3 Results

3.1 Plume Observations

The Alberta Smoke Plume Observation Study data show the smoke plume observations for the Alberta smoke plume study,
as well as information on the associated fire and observing station. During the study, 222 observation reports were collected.
One report (plume observation 10) was a blend of two observations and thus was separated (10a, 10b); one report (204) was a

duplicate (of 203). Of the remaining reports, 14 observations were rejected:
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three had no associated reported wildland fires (29, 30, 50);

one fire in neighbouring Saskachewan had no certain fire report (21);

five had camera malfunctions (111, 112, 113, 114, 115);

five had poor observation conditions due to looking into the Sun (181, 182, 183, 184, 185).

Of the remaining 208 observed plumes, eight adjusted plume heights following Eq. (1) were negative (2, 44, 59, 65, 74, 76,
83, 117). These were also rejected and the final number of acceptable plume observations used in the study was 200.

Table 2 summarizes statistics on the observed plumes. Excluding negative plume heights, there were 197 observed equi-
librium plumes and 158 maximum plume heights (4, 66, and 214 were missing equilibrium height but had maximum height
observations, while 42 were missing maximum height observations). Observed equilibrium plume heights varied from 27 to
8,833 m, while maximum heights varied from 286 to 10,540 m. The distance at which plumes were observed from towers
ranged from 3.6 to 173 km. The time when plumes were observed varied from 8:46 to 21:30.

The distribution of plume heights (Figure 3) shows the majority of equilibrium heights are below 2,000 m, while the majority
of maximum heights are more broadly distributed up to 7,500 m. The ratio of maximum height over equilibrium for paired
observations indicates that on average the maximum height was 3.8 times higher than the equilibrium height.

There were 60 reported fires in the study (some over multiple days), and 88 days with plume observations (87 with equlibrium
heights, 64 with maximum heights). There were 39 cases of plumes being observed multiple times over the course of the
day. For example, on 28 June 2015, fire LWF161 was observed eleven times from 14:05 to 18:30 MDT. To reduce possible
bias, the subset of 88 observations (48 of single and 40 of multiple observations) was used to create a set of daily peak
equilibrium and maximum plume heights. The benefit of such a subset is that it reflects the intended conditions of the fire
weather measurements, that is of conditions at the time of peak burning (typically at 17:00 LST). Also by selecting the peak
values, any indirect problems, such as changes in afternoon weather or the impact of fire suppression efforts, are avoided.

Finally, there were six cases where two towers reported the same plume at approximately the same time (Table 3): SWF120
on 22 June 2010; PWF068 on 11 July 2012; GBZ002 on 6 August 2014; LWF161 on 24 June 2015; and PWF131 on 2 July
and again on 19 July 2015.

On 22 June 2010, Trout Mountain and Teepee Lake both observed the plume from fire SWF120 (from 72 and 94 km,
respectively). Trout Mountain reported an equilibrium height of 4,210 m at 16:30 (with a maximum height of 6,727 m) while
equilibrium heights reported from Teepee Lake were 1,927 m at 14:01 and 14:04, 2,058 m at 14:14. Given the two-hour
difference in observation times, a comparison betwen the two towers is not appropriate.

On 11 July 2012, the plume from fire PWF068 was observed by both Hotchkiss and by Saddle Hills lookouts (from 23
and 173 km, respectively). At 16:55 and again at 17:22, Hotchkiss reported a height of 1,677 m with maximum heights of
4,599 m and then 7,440 m. Saddle Hills reported a height of 5,358 m and a maximum height of 6,875 m at 16:12 and again
at 16:58. Given the disparity in distances from the fire, the Hotchkiss observations are likely the most accurate and Saddle

Hills was perhaps mistaking the maximum plume heights as the equilibrium. If so, the 16:58 Saddle Hills observation is a
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16% overestimate of the 16:55 Hotchkiss observation and falls within the range of Hotchkiss observations between 16:55 and
17:22. Figure 4 shows the evolution of the plume as observed by the two towers. It appears that maximum heights are in general
agreement but that Saddle Hills is likely measuring an erroneous equilibrium height. Figure 5 shows photos of the plume from
Hotchkiss and from Saddle Hills at 16:54 and 16:58 (according to the uncalibrated clock times), illustrating the difficulties
facing the observers and the resulting disparity in plume observations.

Similar comparisons can be drawn for the other cases. Fire GBZ002 was observed on 6 August 2014 by Pinto (40 km)
and by Saddle Hills (89 km). Again, from a further distance it may be that the Saddle Hills observer mistook the equilibrium
plume height (2,967 m at 19:33) with the maximum observed by Pinto tower (2,286 m at 19:36), and if so, overestimated it by
30%. Observations of Fire LWF161 reported by Heart Lake (76 km) and May (27 km) towers coincided at 18:35, 24 June 2015.
Equilibrium heights of 819 and 613 were within range the device accuracy (33% overestimate), but May observed an incredible
maximum plume height 9.5 km AGL not observed by Heart Lake. Fire PWF131 was reported by two towers on 2 July 2015
and again on 19 July by White Mountain (112 km) and Saddle Hills (132 km). On 2 July, both towers reported observations at
18:00 with Saddle Hills reporting equilibrium/maximum heights of 3,808/7,272 m and White Mountain reporting 3,129/5,088
m, suggesting an overestimate of 21 and 43% by Saddle Hills. On 19 July, Saddle Hills reported equilibrium/maximum heights
of 3,808/4,962 m at 17:53, while White Mountain reported 2,151/3,129 m at 18:15 growing to 4,108/5,088 m by 19:10.
Comparing the first reports (22 minutes apart), Saddle Hills estimated plumes 77% and 58% higher, although the maximum
height observed by White Mountain 55 minutes later exceeded the Saddle Mountain observation by only 2.5%.

3.2 Fire Weather Conditions

Fire weather conditions were sampled at all 200 plume locations. Because these weather values represent noon conditions, a
subset of data limited to the 88 plume observation days was created. This provided 88 fire weather values, valid at noon each
day.

A summary of the statistics of fire weather conditions associated with the plumes is shown in Table 4. This table shows that
the mean noon weather conditions associated with smoke plumes reflect a typical summer day in Alberta with a temperature
of 21.2°C, relative humidity of 37.7% with a wind speed of 13.4 km h—!.

Linear regressions were conducted to test for any relationships between plume heights and fire weather conditions. Regres-
sions were conducted first against all observations and then against the subset of 88 daily peak heights. No practical correlations
were observed with all P values > 0.01; the only P values < 0.05 were for temperature (0.043), relative humidity (0.019) and
FFMC (0.021) against daily peak plume heights (none when considering all observed plume heights).

3.3 Fire Behaviour Characteristics

Fire behaviour conditions were modelled for all 200 plumes; results are presented in Table 5. Unlike the noon-based fire
weather, these values reflect conditions at the plume observation time, making each plume observation unique.
As was done with fire weather conditions, linear regressions were conducted to test for any relationships between plume

heights and fire behaviour. Regressions were conducted first against all observations and then against the daily peak heights
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to remove bias resulting from multiple observations of the same plume (Table 6). Moving from fire weather to fire behaviour,
clear correlations begin to emerge. Of these, total fuel consumption, hourly and daily growth, and energy of the fire consistently
showed relationships with P values < 0.01. There were weaker relationships between the remaining fire behaviour characteris-
tics (rate of spread, head fire intensity, etc.) and plume height. In nearly all cases, scores were further improved when focusing
on the daily peak heights.

Figure 6 shows a scatter plot of the energy of the fire (on a logarithmic scale) versus the daily peak equilibrium plume heights
using 87 observations (one daily observation reported a maximum height but failed to report an equilibrium height), presented
to illustrate the degree of scatter in the data set. The regression line through the data provides a coefficient of determination (r?)
value of 0.169. A power relationship could easily be drawn through this data but the intent of the work at this stage is simply
to validate the confidence in physical relations (in this case, P = 0.00007). Further analyses have been left for a future plume

rise model, and are outside the scope of this study.

4 Discussion

The project set out to collect smoke plume heights as observed from lookout towers in Alberta. Already trained in recognizing
smoke plumes for fire detection purposes, observers were asked to measure, photograph, and document the plume heights they
saw. In principle, this seemed a logical method to collect plume observations, yet many unanticipated issues arose as the project
developed.

Observation errors were possibly the largest source of error in this study. It was apparent from the written reports that not
all information was complete or accurate. Given the occasional wrong dates or missing times scattered throughout the reports,
one can assume that errors in reported inclinations would also be embedded in the reports, whether due to reading the device
improperly or incorrectly copying the data. This assumption is supported by the seven cases of negative plume heights when
calculated using Eq. (1) and the observed inclinations. Determining which observations were in error was not possible.

The observer from Keg Tower wrote, “I was able to use it [the inclinometer] on two smokes/fires but they were fairly small
and distant so there was not much height difference from my location to the smoke plume height and I found it difficult to hold
the inclinometer steady enough for a really accurate reading.”

Another source of systematic error lies in the subjectiveness of plume observations. This is apparent when considering
that on average, the maximum heights were nearly four times higher than the equilibrium, which seems greater than would be
expected. While the plume characteristics and reporting techniques were described to the observers, precisely how the observers
judged these levels comes into question. A significant source of this uncertainty lies in the fact that what one observer may
see as an equilibrium plume height, another observer may believe to be a maximum height, especially when one observation is
close to the plume and a second observer is distant and unable to see the lower equilibrium level. This was certainly the case
for PWF068 in 2012 (Figure 4, 5) and GBZ002 in 2014.

The perspective or point of view is also a concern. A smoke plume can look very different when viewed from close up

or from afar, as was demonstrated by PWF068. The orientation of the plume is also associated with perspective. A plume
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approaching the viewer at an oblique angle or overhead creates a dilemma about where along the plume to assess the top,
and would likely result in a higher inclination being reported than for a plume viewed from the side. This might explain the
excessive maximum plume heights of LWF191 observed by May tower.

Finally, the clarity of the observations was also an issue. Observers were discouraged from reporting in hazy conditions or
into the sun (as noted by the observer for plume observations 181 to 185), but some observers may have persisted and reported
questionable plumes — especially in the distance — or confused smoke plumes with cumulus clouds. Digital photographs were
taken of each plume but in many cases the plumes were difficult to distinguish. In the future, photographs may need to be
filtered or polarized to help in their clarity and usefulness.

In the case of the six plumes observed by two independent towers, the observed heights varied considerably with an average
difference of about 40%. In five of the six cases, the higher plume heights were reported by the more distant tower (excluding
the maximum plume height of LWF161 observed by May tower). It may be that from a distance, plume heights were harder
to define. There is also the question of the qualitative consistency and bias of the observations. For example, Saddle Hills
consistently reported heights higher than the other towers, and the equilibrium heights reported by Saddle Hills were often
close to the maximum heights observed by other towers. This may have been a bias due to the judgement of the observer, based
on their assessment of what constituted a plume top.

Regardless of the issues presented above, evidence of a relationship emerged between observed plume heights and the fire
behaviour parameters that would drive such a process. As noted on Table 6, the strongest relationships were with daily area
burned, total fuel consumption, and energy of the fire. This follows the relationship described by Eq. (3) whereby the weight
of the fuel consumed (w) and the area growth (A) lead to the energy of the fire (Q). Given that plume height is buoyancy driven
and tied to the energy of the fire, such a relationship is expected. Other factors involved in determining plume rise, such as
atmospheric moisture, turbulence, and ambient lapse rate are undetermined and therefore act against a stronger relationship

appearing in this data set.
4.1 Future work

It is recommended that future studies of this nature use the lessons learned in this study to improve measurement procedures and
technology, such as polarized filters for photography. Provincial agencies are also moving towards centralized fire detection
using remote cameras in the forest. Accessing such photographic records could provide a more rigorous data set of plume
observations. Another approach would be to employ cellphones along with GPS coordinates and calibrated angles of view.
Given the ubiquity of cell phones, this would likely allow multiple views of the same fire at more frequent intervals.

Other studies have used remote sensing techniques to measure plume heights. Val Martin et al. (2012) use the space-based
Multi-angle Imaging SpectroRadiometer (MISR), with its ability to view plumes three dimensionally, to obtain plume heights
to evaluate a widely used plume model (Freitas et al., 2007). Raffuse et al. (2012) compared MISR plume predictions in the
continental USA to those used in the BlueSky framework (Larkin et al., 2009). Combining MISR with ground-based plume

observations could provide a robust data set for similar evaluations.
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5 Conclusions

A project was conducted to measure smoke plumes from wildland fires in Alberta. This study used hand-held inclinometer
measurements and photos taken at lookout towers in the province. Observations of 222 plumes were collected from 21 lookout
towers over a 6-year period from 2010 to 2015. Observers reported the equilibrium and maximum plume heights based on the
plume’s final levelling height and the maximum lofting height, respectively.

Observations were tabulated at the end of each year and matched to reported fires. Fire weather conditions and forest fuel
types were then obtained from the Canadian Wildland Fire Information System (CWFIS). Assessed fire sizes were adjusted to
the appropriate size at plume observation time using elliptical fire-growth projections.

In principle, this seemed a logical method to collect plume observations, yet many unanticipated issues arose as the project
developed. Instrument limitations and less than optimal observing conditions challenged the observers. This, along with the
expected likelihood of reporting errors, limited the quality of the final data. Regardless of the possible errors, this is still a
very interesting and valuable data set. The data set showed that responses to fire behaviour conditions were consistent with the

physical processes leading to plume rise and will be used in a future plume rise model validation study.

Data availability. The Alberta Smoke Plume Observation Study data can be found on the BlueSky Canada data page (http://firesmoke.ca/data/)
and the Canadian Wildland Fire Information System datamart (http://cwfis.cfs.nrcan.gc.ca/datamart).

Acknowledgements. We acknowledge Peter Englefield (Natural Resources Canada) for his assistance in collecting and sampling the CWFIS
data as well as the outstanding work done by the managers and observers of Alberta Agriculture and Forestry, without whom this data set
would not have been possible. Finally, we acknowledge Brian Wiens who helped conceive the idea of this project and who promoted its

progress.
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Table 1. Lookout towers used in Alberta smoke plume observation study.
Name Latitude Longitude Platform
elevation
(m ASL)
Battle River 57.17 -117.66 674
Hawk Hills 57.66 -117.42 730
Heart Lake 54.91 -111.34 866
Hotchkiss 57.33 -118.96 990
Jean Lake 57.50 -113.88 745
Kakwa 54.42 -118.98 1230
Keg 57.64 -118.35 980
Livock 56.46 -113.02 650
May 55.56 -112.40 866
Muskeg Mountain 57.14 -110.89 615
Petitot 59.52 -119.61 780
Pinto 54.78 -119.40 1044
Ponton 58.93 -116.22 954
Rainbow Lake 58.35 -119.71 601
Rock Island Lake 55.33 -113.46 722
Saddle Hills 55.62 -119.72 967
Teepee Lk. 56.46 -114.12 782
Trout Mountain 56.80 -114.42 826
Wadlin 57.78 -115.46 848
White Mountain 55.69 -119.24 1021
Whitefish 56.18 -115.47 735
Table 2. A summary of plume observation statistics.
Variable Min. Median Mean Max. St.Dev. N
Equilibrium height (m) 27 1,105 1,641 8,833 1,621 197
Maximum height (m) 286 3,006 3,643 10,540 2,321 158
Ratio (Maximum/Equilibrium) 1.0 24 3.8 36.8 4.4 155
Distance (km) 3.6 443 58.3 173.4 383 200
Time 08:46 16:40  16:13  21:30 02:20 200
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Observation Fire Tower Distance Device Date Time  Equilbrium Maximum
number (km) Accuracy (MDT) height height
(m) (DD-MM-YYY) (m) (m)
5 SWF120 Trout Mountain 71.62 +314 22-06-2010 16:30 4,210 6,727
16 SWF120 Teepee Lake 93.84 +410 22-06-2010 14:01 1,927
17 SWF120 14:04 1,927
18 SWF120 14:14 2,058
33 PWF068 Hotchkiss 23.45 £103 11-07-2012 8:46 1,472 2,089
34 PWFO068 10:41 1,266 2,710
35 PWF068 13:19 1,266 3,753
36 PWF068 16:55 1,677 4,599
37 PWF068 17:22 1,677 7,440
51 PWF068 Saddle Hills 173.4 +758 11-07-2012 16:12 5,358 6,875
52 PWF068 16:58 5,358 6,875
53 PWF068 19:41 6,875 8,393
90 GBZ002 Pinto 39.52 +172 06-08-2014 18:34 559 904
91 GBZ002 19:36 904 2,286
92 GBZ002 20:24 904 2,979
93 GBZ002 21:30 904 2,979
102 GBZ002 Saddle Hills 88.99 +389 06-08-2014 19:31 2,967 5,304
103 GBZ002 19:33 2,967 5,304
179 LWF161 Heart Lake 76.01 £332 24-06-2015 18:35 819 1,217
186 LWF161 May 25.63 +112 24-06-2015 18:07 165 613
187 LWF161 18:11 165 2,409
188 LWF161 18:22 613 4,688
189 LWF161 18:23 613 5,618
190 LWF161 18:24 1,061 6,562
191 LWF161 18:28 1,509 8,504
192 LWF161 18:35 613 9,508
193 LWF161 19:23 1,061 10,538
194 LWF161 19:31 1,509 10,538
150 PWF131 Saddle Hills 132 £577 02-07-2015 17:31 4,500 6,116

Table continued on next page.
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Observation Fire Tower Distance Device Date Time  Equilbrium Maximum
number (km) Accuracy (MDT) height height
(m) (DD-MM-YYY) (m) (m)
151 PWF131 17:34 4,500 6,116
152 PWF131 18:00 3,808 7,272
156 PWF131  White Mountain 112.4 +489 02-07-2015 17:25 3,129 4,696
157 PWF131 17:45 4,108 6,068
158 PWF131 18:00 3,129 5,088
159 PWF131 18:30 3,129 6,068
155 PWF131 Saddle Hills 132 +577 19-07-2015 17:53 3,808 4,962
160 PWF131  White Mountain 1124 +489 19-07-2015 18:15 2,151 3,129
161 PWF131 18:20 2,151 3,129
162 PWF131 18:25 2,151 5,088
163 PWF131 19:10 4,108 5,088
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Table 4. A summary of weather and fire weather characteristics.

Variable Min. Median Mean Max. St.Dev. N
Temperature (°C) 8.4 20.6 21.2 30.2 46 88
Relative humidity (%)  15.1 352 377 750 11.9 88
Wind speed (km h—1) 5.2 12.2 13.4 357 6.0 88
FFMC 45.1 89.1 86.5 954 82 88
DMC 11.4 39.7 422 1155 17.8 88
DC 334 3104 308.7 5472 111.5 88
ISI 0.9 7.7 9.0 48.1 6.6 88
BUI 11.2 57.0 594 1423 229 88
FWI 2.6 192 207 67.1 11.6 88
DSR 0.3 5.8 7.7 492 7.7 88

FFMC = Fine Fuel Moisture Code; DMC = Duff Moisture Code ; DC = Drought Code; ISI = Initial Spread Index; BUI =
Buildup Index; FWI = Fire Weather Index; DSR = Daily Severity Rating.

Table 5. A summary of fire behaviour characteristics.

Variable Min. Median Mean Max. St. Dev. N
Daily growth (ha) 0.005 11.5 290.9 10780.0 978.0 200
Hourly growth (ha) 0.0006 12.8 106.5 1506.0 248.1 200
ROS (m min—1) 0.0004 3.1 6.5 53.1 74 200
SFC (kg m~2) 0.10 2.28 2.21 6.24 1.15 200
TFC (kg m~2) 0.10 2.30 243 6.24 1.26 200
HFI (kW m~1) 0.06 2117 6159 56280 8129 200
CFB (%) 0 0 29 100 40 200
O (joules) 7.16x107  6.41x10'2  1.82x10% 7.84x10% 6.65x10* 200

ROS = Rate of Spread; SFC = Surface Fuel Consumption; TFC = Total Fuel Consumption; HFI = Head Fire Intensity; CFB =

Crown Fraction Burned; Q = energy release of the fire.
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Table 6. Correlation of fire behaviour and observed plume heights.
All observations Daily peak heights
Equilibrium Maximum Equilibrium Maximum
12 N 12 N 12 N r? N
Daily growth (ha) 0.153** 197 0.118** 158  0.203** 87 0.144** 64
Hourly growth (ha)  0.094%* 197 0.116** 158 0.148** 87 0.141%* 64
ROS (m min—1) 0.036%* 197  0.105** 158  0.025 87 0.119%* 64
SFC (kg m~2) 0.013 197 0.018 158 0.058* 87 0.068* 64
TFC (kg m~2) 0.037** 197  0.050%** 158 0.085%* 87 0.106** 64
HFI (kW m~1) 0.030* 197  0.088** 158 0.031 87 0.136%* 64
CFB (%) 0.001 197  0.126** 158 0.002 87 0.109 64
log1o ( Q (joules) )  0.081%** 197  0.122%%* 158  0.169%* 87 0.134%* 64

* P value < 0.05; ** P value < 0.01.

d

SuU0ISSNJsS|

ROS = Rate of Spread; SFC = Surface Fuel Consumption; TFC = Total Fuel Consumption; HFI = Head Fire Intensity; CFB =

Crown Fraction Burned; Q = energy release of the fire.
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Figure 1. Illustration of the plume height observation (Az), the tower height (zr), the fire height (zy), the distance to the fire (D), measured

inclinometer angle (), and horizon angle (¢, accounting for the curvature of the Earth with radius = R.).
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Figure 2. Illustration of the equilibrium and maximum plume heights for observation. Zoomed in photo taken from Whitefish lookout tower

on 19 June 2010.
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Figure 3. Histogram of equilibrium and of maximum plume heights (m).
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Figure 4. Evolution of observed plume heights for PWF068 from Hotchkiss at 24 km (blue) and from Saddle Hills at 173 km (red).
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Figure 5. Unzoomed photograph of plume from fire PWF068 from Hotchkiss at 24 km (top) and zoomed from Saddle Hills at 173 km
(bottom). 22
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Figure 6. Energy of the fire (joules) on a logarithmic scale compared with observed equilibrium plume heights (m).
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